1. Introduction {#sec0005}
===============

Ricin, a toxin derived from the plant *Ricinus communis*, is an N-glycosidase that irreversibly inactivates the 28S rRNA of the mammalian 60S ribosome subunit, subsequently arresting cell protein synthesis [@bib0115]. The toxicity of ricin depends on the route of exposure, inhalatory exposure being considered most dangerous, the estimated dose causing death to 50% of the population (LD~50~) being within the range of several microgram/kilogram [@bib0010]. Pathological studies of pulmonary ricin intoxication have demonstrated that injury is mostly confined to the lungs [@bib0150]. The damage inflicted to the lungs is manifested by perivascular, interstitial and alveolar edema, influx of neutrophils to the lungs and the mounting of an acute inflammatory response. Flooding of the lungs leads to respiratory insufficiency and death [@bib0150].

Prophylactic anti-ricin vaccines have been developed and are now in human phase I studies [@bib0105], however, post-exposure medical countermeasures are needed for treatment of victims after pulmonary exposure to lethal doses of the toxin. Previous studies have examined the possibility to protect animal models against pulmonary ricinosis by passive immunization with polyclonal anti-ricin antibodies. Protection levels declined with the passage of time after intoxication, and when the anti-ricin antibodies were administered 24 h after exposure, survival rates were within the 30--50% range [@bib0060], [@bib0120]. At this late time point, the pathophysiological state of some of the intoxicated mice may have deteriorated so that the loss of function of the lungs is irreversible. Conversely, it may be that higher survival rates can be attained even at this late time point if the raging pulmonary inflammation is assuaged through additional medical intervention.

A growing body of studies supports the notion that antibiotic tetracyclines, restrain inflammatory responses of various etiologies. Doxycycline, a tetracycline derivative, has been shown to inhibit staphylococcal exotoxin-induced production of cytokines and chemokines by peripheral blood mononuclear cells [@bib0085] and to attenuate polymorphonuclear cell recruitment in models of lung injury secondary to LPS, bleomycin or *Streptococcus pneumoniae* pneumonia [@bib0040], [@bib0045], [@bib0100]. Recently, it was reported that doxycycline exhibits anti-inflammatory activity in CF bronchial epithelial cells by inhibiting ERK 1/2, P38 and JNK dependent cell signaling (Bensman *et al*., 2012). Interestingly, signaling pathways involving ERK, P38 and JNK were shown in the past to be stimulated by ricin [@bib0075].

In the present study, we examined the possibility to improve survival of mice exposed intranasally to a lethal dose of ricin, by co-administration of doxycycline together with polyclonal anti-ricin antibodies. Survival rates of mice subjected to this combination treatment were compared to those attained by co-administration of the highly potent anti-inflammatory steroid, dexamethasone, with the anti-ricin antibodies. We demonstrate that co-administration of doxycycline together with anti-ricin antibodies significantly improved the ability to protect mice even when treatment with the drug commenced at late hours (24 h post-intoxication), while dexamethasone confers slightly improved survival only when administered early after exposure. Nevertheless, dexamethasone did exert some positive effect on survival when administered late after intoxication in conjunction with both doxycycline and anti-ricin antibodies.

2. Methods {#sec0010}
==========

2.1. Ricin preparation {#sec0015}
----------------------

Crude ricin was prepared from seeds of endemic *R. communis*, essentially as described before [@bib0090]. Briefly, seeds were homogenized in a Waring blender in 5% acetic acid/phosphate buffer (Na~2~HPO~4~, pH 7.4) the homogenate was centrifuged and the clarified supernatant containing the toxin was subjected to ammonium sulphate precipitation (60% saturation). The precipitate was dissolved in phosphate-buffered saline (PBS) and dialyzed extensively against the same buffer. The toxin preparation appeared on a Coomassie blue stained non-reducing 10% polyacrylamide gel as 2 major bands of molecular weight approximately 65 kDa (= ricin toxin, ∼80%) and 120 kDa (=*R. communis* agglutinin (RCA), ∼20%). Protein concentration was determined as 2.86 mg/ml by 280 nm absorption (Nanodrop). Pure toxin was prepared as described previously [@bib0090], [@bib0055]. Briefly, the crude ricin preparation was loaded onto a gel-filtration column (Superdex 200HR 16/60 Hiload 16/600 superdex 200 pg on an AKTA explorer, GE Healthcare Bio-Science AB; Uppsala; Sweden) and washed out with PBS to yield two well-separated protein peaks corresponding to RCA and ricin. The purity of the ricin fraction was estimated by SDS-PAGE analysis to be \>98%.

2.2. Anti-ricin antibodies {#sec0020}
--------------------------

Rabbits were immunized with pure ricin toxin with Freund\'s adjuvant in a stepwise manner, injections 1, 2 and 3 containing 4, 16 and 16 μg toxin/rabbit respectively and subsequent injections containing 100 μg toxin/rabbit, with 4-week intervals between injections. Blood samples were collected (1 week after injection) to ascertain anti-ricin antibody titer build-up. Immunization was continued until steady high anti-ricin titers were observed.

Anti-ricin antibody titers were determined by ELISA. Microtiter plates (Nunc) were coated with pure ricin (2.5 ng/ml in carbonate buffer pH 9.6, overnight incubation at room temperature), washed 3 times in wash buffer (0.8%NaCl + 0.05% Tween-20) and then incubated with blocking buffer (PBS + 0.05% Tween 20 + 2% BSA) for 1 h at 37 °C. Rabbit antisera samples were added in 2-fold serial dilutions and incubated at 37 °C for 1 h. Plates were then washed 3 times with wash buffer and incubated at 37 °C for 1 h with AP-conjugated goat anti-rabbit immunoglobulin (Sigma, 1:500 in blocking buffer). After washing as above, the microtiter plates were developed with substrate (p-NPP, Sigma) and optical densities were measured at 405 nm using an ELISA reader (Molecular Devices).

Concentrated anti-ricin IgG preparations were generated from pooled hyperimmune antisera by precipitation of the proteins with ammonium sulfate (40% saturation, overnight with constant stirring). Following centrifugation (5000 rpm, 50 min, 4 °C), the pellet was dissolved in purified water, and subjected to dialysis (overnight, 30 mM phosphate buffer pH = 7.4). The dialyzed proteins were applied on an anion-exchange column (Express-Ion, exchanger D; Whatman) and eluted with 60 mM phosphate buffer containing 1 M NaCl. The sample was precipitated by the addition of ammonium sulfate (40%, 3 h), and following centrifugation (5000 rpm, 60 min, 4 °C) the pellet was dissolved in 300 mM glycine buffer (pH = 7.4) and dialyzed (300 mM glycine buffer pH = 7.4 overnight). The concentrated anti-ricin antibody preparations were stored at 4 °C until used in *in vivo* experiments.

2.3. Animal studies {#sec0025}
-------------------

Animal experiments were performed in accordance with the Israeli law and were approved by the Ethics Committee for Animal Experiments at the Israel Institute for Biological Research. Treatment of animals was in accordance with regulations outlined in the USDA Animal Welfare Act and the conditions specified in the Guide for Care and Use of Laboratory Animals (National Institute of Health, 1996).

All animals in this study were female CD-1 mice (Charles River Laboratories Ltd., UK) weighing 27--32 g. Prior to exposure, animals were habituated to the experimental animal unit for 5 days. All mice were housed in filter-top cages in an environmentally controlled room and maintained at 21 ± 2 °C and 55 ± 10% humidity. Lighting was set to mimic a 12/12 h dawn to dusk cycle. Animals had access to food and water *ad libitum*.

For intoxication, mice were anesthetized by an intraperitoneal injection of ketamine (1.9 mg/mouse) and xylazine (0.19 mg/mouse). Crude ricin (50 μl; 7 μg/kg diluted in PBS) was applied intranasally (2× 25 μl) and mortality was monitored over 14 days. Preceding these studies, we determined that 3.5 μg crude ricin/kg body weight is approximately equivalent to one mouse (intranasal) LD~50~ (95% confidence intervals of 2.3--4.5 μg/kg body weight).

Treatments were performed on mice anesthetized as above. For antibody treatment, a volume of 50 μl of anti-ricin antibody preparation was delivered intranasally (2× 25 μl), intramuscularly or intravenously at various time points following intoxication. Doxycycline-hyclate (Sigma) was dissolved in PBS and administered (200 μl) intraperitoneally at 24, 48, 72 and 96 h post-exposure, at doses of 100, 100, 50 and 25 mg/kg body weight, respectively. Dexamethasone 21-phosphate disodium salt (Sigma) was administered intranasally at a dose of 4 mg/kg body weight.

2.4. Bronchoalveolar lavage fluid (BALF) preparation and analysis {#sec0030}
-----------------------------------------------------------------

BALF, collected by instillation of 1 ml PBS at room temperature, was centrifuged at 1500 rpm at 4 °C for 10 min. Supernatants were collected and stored at −20 °C until further use. The levels of IL-6, IL-1β, TNF-α, and vascular endothelial growth factor (VEGF) were determined by ELISA using commercial kits purchased from R&D Systems. Levels of secretory phospholipase A~2~ (sPLA~2~) and (xanthine oxidase) XO in BALF were determined by activity assay kits purchased from Assay Designs and Molecular Probes, respectively.

Cholinesterase (ChE) enzymatic activity was measured according to Ellman [@bib0030]. Assays were performed in the presence of 0.5 mM acetylthiocholine, 50 mM sodium phosphate buffer pH 8.0, 0.1 mg/ml BSA and 0.3 mM 5,5′-dithiobis-(2-nitrobenzoic acid). The assay was carried out at 27 °C and monitored by a Thermomax microplate reader (Molecular Devices).

Matrix-metalloproteinase (MMP) activity in BALF samples was determined by zymography. BALF samples were electrophoresed on 10% SDS-PAGE gels co-polymerized with gelatin (10% Ready Gel^®^ zymogram gel, Biorad). SDS was expelled by 30 min incubation with 2.5% Triton X-100, and gels were incubated with developing solution (50 mM Tris, 0.2 M NaCl, 5 mM CaCl~2~, and 0.02% (w/v) Brij^®^ 35 (Sigma) (pH 7.6)) over night. Gels were then stained for 30 min with 0.5% Coomassie G250 (Bio-Rad, Israel) in methanol:acetic acid:water (30:10:60) and destained in tap water for 24 h. Relative densities of MMP-9 were analyzed with Bio-Rad Quantity One software (Bio-Rad, Hercules, CA, USA). Results were compared to a positive standard and expressed as mean ± SEM.

2.5. Statistical analysis {#sec0035}
-------------------------

Animal survival experimental data was obtained by pooling results of three or more independent experiments, each with 8--10 mice per experiment group. Comparison of the Kaplan--Meier survival curves of mice in each individual experiment using the log-rank (Mantel--Cox) test showed that there are no statistically significant differences among groups of animals receiving the same treatment in independent experiments. No discrepancies in treatment effects from experiment to experiment were noted. In other experiments, individual groups were compared using unpaired *t* test analysis. To estimate *p* values, all statistical analyses were interpreted in a two-tailed manner. Values of *p* \< 0.05 were considered to be statistically significant. All data is presented as means ± S.E.M.

3. Results {#sec0040}
==========

Pulmonary exposure to ricin results in the generation of a severe localized edematous inflammation which eventually leads to respiratory insufficiency and death [@bib0010]. The lack of antidotes against pulmonary ricinosis, prompted us to examine the prospect to alleviate intoxication by post-exposure combined therapy, comprising anti-ricin antibodies and a drug. In the present study, intranasal instillation served as a lung challenge model for the evaluation and comparison of different therapeutic modalities.

3.1. Treatment with anti-ricin antibodies {#sec0045}
-----------------------------------------

To determine the therapeutic window for protection against pulmonary exposure to ricin by antibodies, a lethal dose of ricin (7 μg/kg body weight) was instilled intranasally to groups of mice and at various time points prior or following intoxication, mice were intranasally administered a fixed volume (50 μl) of anti-ricin antiserum prepared at our laboratory from hyperimmune rabbits. Mice were monitored for survival for 14 days following exposure.

Administration of anti-ricin antibodies by the intranasal route 24 h before exposure, or a short period of time (3 h) after exposure, conferred protection to 100 and \>90% of the mice, respectively. Treatment with antibodies at later time points resulted in descending levels of protection; 75, 53 and 34% of the mice survived when antibodies were administered 6, 18 and 24 h after intoxication, respectively ([Fig. 1](#fig0005){ref-type="fig"}). In contrast, intramuscular administration of the same anti-ricin antiserum preparation at 3 h after intoxication resulted in low-level protection only (20%), while none of the mice survived when anti-ricin antibodies were delivered intramuscularly 18--24 h after intoxication. In fact, treatment *via* the i.m. route resulted in poor survival (33%) even when antibody administration preceded intoxication. These findings indicate that effective protection depends on the introduction to the lungs of sufficient amounts of anti-ricin antibodies within the period of time relevant for protection, a requirement met by the topical administration to the lungs by intranasal application. It is interesting to note, that intravenous administration of the anti-ricin antibodies at 6 or 24 h post-exposure conferred protection similar to that observed for intranasal administration of the antibodies (data not shown).Fig. 1Therapeutic window for post-exposure treatment of ricin-intoxicated mice with anti-ricin antibodies. Mice were intoxicated intranasally with ricin (7 μg/kg body weight) and treated with anti-ricin antibodies at the indicated time points. Animals were observed for a 2-week period after ricin challenge. Curves with different letters are significantly different (*p* \< 0.05). Number of animals per experimental group: 24 h, 6 h PE: *n* = 25; 3 h PE: *n* = 15; 18 h PE: *n* = 30; 24 h PE: *n* = 29; untreated: *n* = 74.

In these protection experiments, we used antiserum collected from hyperimmune rabbits vaccinated against ricin. To determine whether the antibody dose in these experiments limits survival levels, mice intranasally exposed to a lethal dose of ricin were treated 24 h post-intoxication side-by-side either with the antiserum or with IgG-enriched preparations derived from this antiserum, the latter exhibiting higher anti-ricin titers in ELISA. Protection levels following treatment with concentrated IgG preparations exhibiting anti-ricin titers that are 8- or 16-fold higher (5 × 10^6^ and 10^7^) than that of the antiserum (6.4 × 10^5^) were not significantly higher than the protection level conferred by the antiserum (42% and 45% protection, respectively, as opposed to 39% protection with antiserum). The rather similar survival rate values exhibited following treatment with different dosages of antibody indicate that the upper limit of protection by treatment with antibodies has been reached and that survival values cannot be further improved in a significant manner, merely by increasing the dose of antibodies.

3.2. Effect of dexamethasone on the survival of mice {#sec0050}
----------------------------------------------------

Pulmonary exposure to ricin causes a severe localized inflammation which is accompanied by a massive recruitment of neutrophils to the lungs (Lindauer *et al*., 2009(. High levels of protein were found in the BALF sampled from the inflamed lungs ([@bib0120] and our results, not shown), indicating that the lung--blood barrier has been disrupted. Since steroids are known both to suppress neutrophil migration and to mitigate capillary permeability [@bib0110], we examined the effect of dexamethasone, a potent steroid drug, on the survival rates of mice that were intranasally exposed to a lethal dose of ricin.

Administration of dexamethasone in conjunction with the 24 h PE anti-ricin antibody treatment, exerted a significant positive effect on survival of mice intranasally-exposed to a lethal dose of ricin only when the steroid was first administered prior to intoxication (8 h before intoxication) ([Table 1](#tbl0005){ref-type="table"}). When dexamethasone treatment commenced at an early time point after intoxication (6 h PE), the increase in protection was considerably lower, while administration of the steroid at 24 h PE, concomitant with the antibody treatment, did not lead to any noticeable improvement in survival.Table 1Survival of ricin-intoxicated mice following combined treatment with anti-ricin antibodies and dexamethasone. Survival of mice lethally challenged with ricin (7μg/kg), and treated with anti-ricin antibodies (intranasal, 2× 25μl) at 24 h PE and/or dexamethasone (4 mg/kg body weight) at the indicated time points.Time of treatment (h PE)% SurvivalAnti-ricin antibodiesDexamethasone--0, 243a24--34b24−8, 2482c246, 2444b242430b[^1]

Steroids operate mostly at the transcriptional level, exerting their anti-inflammatory effects by respectively promoting and repressing the expression of genes encoding for anti- and pro-inflammatory elements [@bib0130]. If transcription of pro-inflammatory factors occurs rapidly following ricin exposure, the effectiveness of steroid compounds such as dexamethasone are expected to be compromised when applied late after exposure. Conversely, compounds that interact directly with pro-inflammatory proteins may be more efficient in their ability to subdue inflammation at clinically-relevant time points. In an effort to tailor a treatment against pulmonary ricinosis, which includes a drug that is effective even when administered late after intoxication, we scrutinized the progressing lung pathophysiology following intranasal exposure of mice to ricin, for mediators of inflammation which can serve as targets for post-exposure drug therapy.

3.3. Pro-inflammatory markers in the lung {#sec0055}
-----------------------------------------

Elevated levels of the pro-inflammatory cytokines TNF-α, IL-1β and IL-6 were measured in BALF samples collected from mice at various time points following intranasal ricin intoxication. Peak levels of TNF-α were reached at 24 h PE, after which there was a moderate decrease during the next 48 h ([Fig. 2](#fig0010){ref-type="fig"}A). IL-1β levels also rose during the 24 h following intoxication, yet unlike TNF-α, remained elevated during the next 48 h ([Fig. 2](#fig0010){ref-type="fig"}A). Cytokine levels of IL-6 in BALF rose rapidly, displaying a significant 12-fold increase as soon as 6 h PE ([Fig. 2](#fig0010){ref-type="fig"}B). IL-6 levels continued to rise, displaying a 24-, 45- and \>50-fold increase above control, at 24, 48 and 72 h PE, respectively.Fig. 2Pro-inflammatory cytokines in the BALF of ricin intoxicated mice. Mice were intranasally exposed to 7 μg/kg ricin and BALF samples collected at the indicated time points were monitored for: A. IL-1β (squares), TNF-α (triangles), B. IL-6. Data are mean ± S.E.M. *N* = 5.

Vascular endothelial growth factor (VEGF) promotes vascular permeability and interstitial edema [@bib0065] and therefore we determined VEGF levels in the BALF samples collected from these ricin-intoxicated mice. Indeed, 24 h post-ricin intoxication, VEGF increased significantly, thereafter, remaining unchanged for the following 48 h ([Fig. 3](#fig0015){ref-type="fig"}A). In line with this finding, significantly increased levels of the serum-resident enzyme cholinesterase, were found in the BALF of intoxicated mice, albeit at a later stage ([Fig. 3](#fig0015){ref-type="fig"}B), attesting to the fact that the blood--lung barrier has been severely impaired.Fig. 3Markers of vascular permeability in the BALF of ricin-intoxicated mice. Mice were intranasally exposed to 7 μg/kg ricin and BALF samples collected at the indicated time points were monitored for: (A) VEGF, (B) ChE. Data are mean ± S.E.M. *N* = 5.

Next, we sought to examine in the BALF of ricin-intoxicated mice, markers associated with oxidative stress, lipolysis and proteolysis. Xanthine oxidase (XO), an enzyme associated with oxidative damage, increased only slightly (2-fold over control levels) during the first 48 h after intoxication, however, during the next 24 h levels of this enzyme accelerated, displaying an overall 20-fold increase ([Fig. 4](#fig0020){ref-type="fig"}A). Expression of XO results in localized formation of reactive oxygen species that correlate with the degree of lung pathologies [@bib0070] and contributes to lung injury [@bib0155]. Levels of the lipolytic enzyme secretory phospholipase A~2~ (sPLA~2~), a potent mediator of inflammation responsible for hydrolysis of surfactant phospholipids [@bib0140], rose significantly after ricin-intoxication displaying a 44-fold increase during the 72 h period following intoxication ([Fig. 4](#fig0020){ref-type="fig"}B). Levels of the gelatinolytic enzyme matrix-metalloproteinase-9 (MMP-9) ascended rapidly after ricin-intoxication, displaying a peak level equivalent to \>100-fold increase already at 24 h PE. ([Fig. 4](#fig0020){ref-type="fig"}C). MMP-9 plays an important role in lung injuries [@bib0020] and correlate with alveolar-capillary permeability [@bib0135].Fig. 4Oxidative, lipolytic and proteolytic pro-inflammatory parameters in the BALF of ricin-intoxicated mice. Mice were intranasally exposed to 7 μg/kg ricin and BALF samples collected at the indicated time points were monitored for: (A) xanthine oxidase (XO), (B) secretory phospholipase A~2~ (sPLA~2~), (C) matrix-metalloproteinase-9 (MMP-9). Data are mean ± S.E.M. *N* = 5.

3.4. Doxycycline treatment reduces signs of ricin-induced pulmonary inflammation {#sec0060}
--------------------------------------------------------------------------------

Doxycycline, a compound well-known for its antimicrobial activity, has been also shown to possess diverse anti-inflammatory capabilities. These include down regulation of proinflammatory cytokines [@bib0085], anti-oxidant activity [@bib0005], inhibition of matrix-metalloproteinases [@bib0045] and sPLA~2~ [@bib0125], and mitigation of vascular hyperpermeability [@bib0035]. Since, as detailed above, these inflammation-related characteristics were observed following pulmonary exposure to ricin, we decided to examine the effect of doxycycline treatment in itself on these inflammation-related elements in the lungs of ricin-intoxicated mice. To this end, mice intranasally exposed to a lethal dose of ricin were administered doxycycline only (100 mg/kg body weight, immediately after intoxication and then 100, 50 and 25 mg/kg body weight at 24, 48 and 69 h post-intoxication, respectively), lungs were lavaged at 72 h PE and BALF was subjected to analysis. Doxycycline exerted an anti-inflammatory effect on the majority of the inflammation-related parameters examined ([Fig. 5](#fig0025){ref-type="fig"}A). Levels of the proinflammatory cytokines IL-1β and IL-6 were considerably lower in mice treated with doxycycline. Likewise, XO was substantially reduced in the doxycycline-administered mice, as compared to ricin-intoxicated mice that were not treated. Capillary permeability was also attenuated in these mice, as judged by the reduced levels of VEGF and ChE ([Fig. 5](#fig0025){ref-type="fig"}A), the latter being a serum-resident protein whose incongruous presence in the lumen of the lungs is indicative of lung--blood barrier disruption. In contrast, administration of doxycycline did not affect BALF levels of MMP-9 ([Fig. 5](#fig0025){ref-type="fig"}B), which remained as high as in intoxicated mice that were not treated with doxycycline. A positive effect of doxycycline on MMP-9 levels was however exhibited when mice were administered both doxycycline and antibodies shortly after intoxication, while mice that received antibodies only did not exhibit reduction in this marker ([Fig. 5](#fig0025){ref-type="fig"}B).Fig. 5Pathological and pro-inflammatory changes in the BALF of ricin intoxicated mice following treatment with α-ricin antibodies or with α-ricin antibodies and doxycycline. Mice were intranasally exposed to 7 μg/kg ricin and subjected to different treatment modes. (A) Ricin-intoxicated mice were treated with doxycycline immediately after intoxication and BALF collected at 72 h was monitored for IL-1β, IL-6, VEGF, ChE and XO. (B) Ricin-intoxicated mice were treated with doxycycline and/or anti-ricin antibodies and BALF collected at 72 h was monitored for MMP-9. (C) Ricin-intoxicated mice were treated with doxycycline and lungs were harvested at 72 h PE and weighed. Wet lung weight is presented as percent of total body weight. Error bars represent the standard error of the mean of the samples. \**p* \< 0.05 in comparison to non-treated mice. *N* = 5.

Overall, treatment with doxycycline led to reduced pulmonary edema, as witnessed by the weight reduction of mice lungs following doxycycline administration ([Fig. 5](#fig0025){ref-type="fig"}C). Nevertheless, treatment with doxycycline in itself conferred no more than marginal protection to the ricin intoxicated mice; approximately 90% of the mice died without displaying an increase in mean time to death values. We therefore examined the effect of doxycycline administration on mice survival, in conjunction with the antibody-based treatment.

3.5. Effect of doxycycline on the survival of mice {#sec0065}
--------------------------------------------------

Mice were intranasally exposed to a lethal dose of ricin and 24 h later were subjected to combined anti-ricin antibodies and doxycycline treatment. Indeed, adding doxycycline to the antibody treatment improved survival rates, which reached 58%, nearly 2-fold higher compared to mice treated with antibodies only (34% survival) ([Fig. 6](#fig0030){ref-type="fig"}). As mentioned above, adding dexamethasone failed to improve protection when administered at late hours with anti-ricin antibodies, nevertheless, when dexamethasone was applied as an adjunct to the doxycycline/anti-ricin antibody treatment, survival rates seem to be further elevated (74% protection, [Fig. 6](#fig0030){ref-type="fig"}). Taken together, these findings demonstrate that anti-inflammatory drugs exert a positive effect on mice survival, when applied as add-ons to the post-exposure antibody-based therapy against pulmonary ricinosis.Fig. 6Kaplan--Meier survival curves of mice intoxicated with ricin and subjected to post-exposure treatment. Mice were intoxicated intranasally with ricin (7 μg/kg) and subjected to various treatments as indicated. Animals were observed for a 2-week period after ricin challenge. The various treatments were commenced at 24 h post exposure and included α-ricin antibodies (Ab), doxycycline (dox), or dexamethasone (dex), or their combinations, as indicated within the figure (*n* = 29--31). Curves corresponding to the "untreated" and "Ab" groups are those displayed in [Fig. 1](#fig0005){ref-type="fig"}.

4. Discussion {#sec0070}
=============

In the present study, we demonstrate that the survival rates of mice treated with anti-ricin antibodies at relatively late hours (24 h) post-pulmonary intoxication can be considerably improved by co-administration of doxycycline. The improved survival displayed in mice treated with doxycycline stems from the anti-inflammatory properties of this compound; doxycycline promotes significant reduction of pro-inflammatory cytokines and markers of oxidative stress and capillary permeability in the lungs of the intoxicated mice. Various studies have shown that doxycycline exerts its anti-inflammatory effects not only at the transcriptional level by down-regulation of pro-inflammatory cytokines [@bib0085], [@bib0130], but also by interacting with pro-inflammatory mediators, or compromising their ability to operate. Thus, doxycycline has been shown to: (a) act as an anti-oxidant agent by reacting with free radicals [@bib0005], (b) serve as a chelator of zinc/calcium ions, thereby inhibiting MMPs [@bib0050], (c) prevent vascular hyperpermeability by inducing expression of VE-cadherin on endothelial cells [@bib0035], and (d) inhibit sPLA~2~ *via* direct interaction with this enzyme [@bib0025].

Although administration of doxycycline had a marked beneficial effect on inflammation-related markers, doxycycline in itself provided no more than marginal (10%) protection to mice that were intranasally exposed to a lethal dose of ricin. It seems that ricin by virtue of being highly inflammogenic, persistently stimulates acute inflammatory responses with which doxycycline alone cannot cope. Anti-ricin antibody treatment is therefore required to halt any further pro-inflammatory firing, whilst doxycycline exerts its positive effect by dampening inflammation that has already developed. Indeed, though treatment with doxycycline alone reduced inflammation-related factors to a considerable extent, values remained higher than in control mice (see [Fig. 5](#fig0025){ref-type="fig"}). Alternatively, doxycycline treatment in itself may not suffice for protection, since anti-ricin antibodies are required for curbing inflammation-independent ricin-induced cytotoxicity caused by protein synthesis arrest. The inter-relationship between protein synthesis arrest and the clinical manifestation of pulmonary ricinosis, namely, the onset of a severe edematous inflammation accompanied by massive recruitment of neutrophils and cytokine storming, has yet not been resolved. It may well be that large scale disruption of ribosomes (= quantitative protein synthesis arrest) is not required for establishment of full-blown pulmonary ricinosis. A "minimal" role for protein synthesis arrest in pulmonary ricinosis, would maintain that low-key ricin-induced cessation of protein synthesis is sufficient as a trigger for launching full-scale inflammation. Previous studies suggested that termination of protein synthesis, or perhaps the actual damage to ribosomes by ricin, initiates a MAPKinase-driven proinflammatory signaling cascade termed "ribotoxic stress response", whereby cytokines such as TNF-α and IL1-β are upregulated [@bib0075], [@bib0080]. In another study, it was suggested that termination of cellular protein synthesis by ricin initiates inflammation by allowing turnover of labile suppressor proteins that under normal conditions prevent the conversion of inactive pro-IL1-β into biologically active proinflammatory IL1-β [@bib0095]. A recent study demonstrated that sessile alveolar macrophages and pulmonary epithelial cells, mutually suppress cytokine release [@bib0145]. It may well be that ricin-inflicted injury to alveolar macrophages, an early event following pulmonary intoxication [@bib0015], prompts the onset of pro-inflammatory responses by de-repressing cytokine synthesis by the epithelial cells. Conversely, in a model which assumes a "maximal" role for protein synthesis arrest in pulmonary ricinosis, ricin-mediated intoxication leads to large-scale ribosome damage, which in turn, gives rise to a protein synthesis arrest-related disease which is life-threatening in itself, regardless of inflammation. The scope and magnitude of the ricin-induced disease that develops in the absence of inflammation, has not been determined. Regardless of the exact model, our study amply demonstrates that inflammation plays a decisive role in pulmonary ricin toxicity and that alleviation of inflammation contributes significantly to survival.

Unlike the combined doxycycline/anti-ricin antibody treatment, dexamethasone improved survival rates only if the steroid was applied before or shortly after intoxication, but not when it was administered simultaneously with the antibody treatment, 24 h post-exposure. Nevertheless, dexamethasone did exert some positive effect when co-administered at 24 h after ricin intoxication together with both the anti-ricin antibodies and doxycycline. Survival rates following this tripartite treatment were higher than when only doxycycline was added to the antibody treatment (74% survival after dexamethasone/doxycycline/Ab treatment, 58% survival after doxycycline/Ab treatment, *p* = 0.07). In what way does the dexamethasone improve survival in this unique therapeutic set-up, in terms of the underlying anti-inflammatory reactions, remains to be deciphered.

In summary, we show that compounds displaying multifaceted anti-inflammatory traits, such as doxycycline, can bestow improved protection following pulmonary ricin-intoxication even when administered at clinically-relevant time points. Judicious choice of other anti-inflammatory agents for treatment, based on in-depth knowledge of pulmonary ricinosis pathology should lead to further improvement in medical treatment, as well as providing valuable tools for unraveling the intricate cascades and pathways underlying ricin intoxication.
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[^1]: Represent groups displaying significant statistic difference (a, b, c).
